Magnetization measurements and time-of-flight neutron powder-diffraction studies on the hightemperature (300-980 K) magnetism and crystal structure (321-1200 K) of a pulverized YCrO3 single crystal have been performed. Temperature-dependent inverse magnetic susceptibility coincides with a piecewise linear function with five regimes, with which we fit a Curie-Weiss law and calculate the frustration factor f . The fit results indicate a formation of magnetic polarons between 300 and 540 K and a very strong magnetic frustration. By including one factor η that represents the degree of spin interactions into the Brillouin function, we can fit well the applied-magnetic-field dependence of magnetization. No structural phase transition was observed from 321 to 1200 K. The average thermal expansions of lattice configurations (a, b, c, and V ) obey well the Grüneisen approximations with an anomaly appearing around 900 K, implying an isosymmetric structural phase transition, and display an anisotropic character along the crystallographic a, b, and c axes with the incompressibility K a 0 > K c 0 > K b 0 . It is interesting to find that at 321 K, the local distortion size ∆(O2) ≈ 1.96∆(O1) ≈ 4.32∆(Y) ≈ 293.89∆(Cr). Based on the refined Y-O and Cr-O bond lengths, we deduce the local distortion environments and modes of Y, Cr, O1, and O2 ions. Especially, the Y and O2 ions display obvious atomic displacement and charge subduction, which may shed light on the dielectric property of the YCrO3 compound. Additionally, by comparing Kramers Mn 3+ with non-Kramers Cr 3+ ions, it is noted that being a Kramers or non-Kramers ion can strongly affect the local distortion size, whereas, it may not be able to change the detailed distortion mode. arXiv:2001.09573v1 [cond-mat.str-el] 
I. INTRODUCTION
The cooperating and competing interactions between charge, spin, lattice, and orbital degrees of freedom in condensed-matter science result in a variety of exotic macroscopic properties such as multiferroicity that continues to be an exciting field of research [1] [2] [3] [4] [5] [6] [7] , urging experimental and theoretical scientists to unravel the complicated electron correlations and obtain a full understanding of the origin of the enduring phenomena.
Multiferroic materials are so called because multiple long-range orders such as magnetic and ferroelectric within them all coexist and/or interact with each other to give the substance extraordinary properties. They are potentially valuable materials for promising multifunctional magnetic and electric devices in information storage [4] [5] [6] [7] [8] [9] and provide a mode for information writing and reading [10] [11] [12] [13] . Multiferroic materials can be classified into two types, based on the detailed couplings.
In the first type, magnetism and ferroelectricity have different microscopic origins and thus a weak interaction existing between them. In such kinds of materials like YMnO 3 , the ferroelectricity was usually caused by symmetry breaking [14, 15] . By contrast, in the second type of multiferroics, magnetism and ferroelectricity are strongly coupled with each other, and a particular magnetic order may lead to the appearance of ferroelectricity, like in the case of TbMnO 3 [16] . As is well known, the magnetization in multiferroic materials is localized and originates from unpaired electrons in the partially filled d -or f -shell. Previous studies report many microscopic mechanisms for the formation of ferroelectricity such as charge order [17] , lone electron pairs [18] , structural geometry [14] , magnetoelectric coupling [19] , and oxygen vacancy [20] . The ABO 3 system with a perovskite-type crystalline structure constructs a significant part of the multiferroic materials. Among them, the BiFeO 3 believed to be a typical representative in the research field of multiferroics. It simultaneously holds both a ferroelectric transition (T E = 1103 K) and a large remanent polarization (P r ∼ 55 µC/cm 2 ) above room temperature, which was attributed to the ordering of lone electron pairs [21] . The YMnO 3 compound accommodates both a ferroelectric transition at ∼ 914 K and an antiferromagnetic (AFM) transition at ∼ 76 K [22] , and its ferroelectric polarization (P ∼ 6 µC/cm 2 ) was suggested to be caused by the geometric variation, i.e., the tilting and distortion of MnO 5 blocks modifies the interaction between Y and O ions and thus forms the unbalanced dipoles of Y ions [14, 15, 23] . A very strong magnetoelectric effect exits in the TbMnO 3 compound and its charge polarization was induced by the specific magnetic order [2] . By changing chemical pressure, i.e., substituting the elements located at the crystallographic A or B site, a wide range of crystalline structures with potential multiferroic property could be realized [24] .
Ferroelectricity is hard to coexist theoretically with magnetism in one perovskite so understanding the incompatible factors that are responsible for both properties has been a central topic in the area of multiferroics [4, 25, 26] . A perovskite-type YCrO 3 compound was reported in 1954 [27] . This compound is likewise a rare system to retain ferroelectricity and magnetism simultaneously. The YCrO 3 compound shows a magnetic phase transition at T N ≈ 141.5 K; the applied-field dependent magnetization shows an unsaturated magnetic moment of mere ∼ 0.096 µ B per Cr 3+ ion at 2 K and 7 T, which indicates that the YCrO 3 compound may behave like a canted AFM state below the T N ; with re-gard to the low-temperature magnetic structure as well as the corresponding spin interaction parameters, the Dzyaloshinskii-Moriya interaction mechanism has been considered in a further report on our inelastic neutron scattering study of the YCrO 3 compound [28] . A dielectric anomaly of the YCrO 3 compound was observed at ∼ 473 K with polarization P ∼ 2 µC/cm 2 , which was ascribed to the local Cr-ion off-centering displacement [29] . Electric polarization was reported in the orthorhombic GdCrO 3 polycrystalline samples below the canted AFM phase transition temperature T N ∼ 167 K [30] , which was accompanied by anomalies of both the Gd-Cr and Gd-O bond lengths [31, 32] . The ferroelectricity of the GdCrO 3 compound (P ∼ 0.7 µC/cm 2 ) [30] was proposed to be induced by the magnetic coupling between 4f and 3d electrons, as well as the atomic off-center displacement of a Gd site [31, 32] . It is pointed out that most of the previous research works on YCrO 3 compounds were focused on polycrystals due to the difficulty in growing large and high-quality single-crystalline samples, and the high-temperature magnetism and crystallographic information were seldom studied, though such kind of information is essential in completely understanding the previously observed dielectric anomaly [29] .
In this paper, the magnetization, crystal structure, thermal expansion, and local crystalline distortion of a pulverized YCrO 3 single crystal have been studied by PPMS DynaCool characterizations (300-980 K) and time-of-flight neutron powder-diffraction studies (321-1200 K). With our modified Brillouin function that includes a parameter η representing the degree of magnetic interactions and a Curie-Weiss (CW) law, we uniquely -200 0 200 400 600 800 1000 0 (2) at respective temperature regimes of 300-400 K and 750-980 K. They were extrapolated down to χ −1 = 0 (dash-dotted lines) to show the PM Curie temperatures θCW and up to 1020 K (dash-dotted line). The fit results are listed in Table I . (b) Inverse magnetic susceptibility χ −1 (circles) of chromium ions in single-crystal YCrO3 compound versus temperature. The solid lines indicate CW behaviors of the data as described by Eq. (2) at respective temperature regimes of 300-400 K, 400-540 K, 540-640 K, 640-750 K, and 750-980 K. They were extrapolated to χ −1 = 0 (dashed lines) to show the PM Curie temperatures θCW. The fit results are listed in Table I. determine the detailed magnetic parameters such as the effective paramagnetic (PM) moment, PM CW temperature, the parameter η, and the frustration factor f to quantitatively understand the magnetism in YCrO 3 compounds. The space group of the crystal structure keeps P mnb in the entire temperature range. Anisotropic thermal expansion exists along the crystallographic a, b, and c axes with the largest incompressibility K 0 along the a axis, demonstrated by our fitting with the first-order Grüneisen function taking into account only the phonon contribution for an insulator. The Y, O1, and O2 ions show very large local distortion size ∆. We extract the detailed local distortion modes of Y, Cr, O1, and O2 ions. It is noted that distinct atomic displacement and a large charge subduction exiting for the Y and O2 ions are indicative of their important roles in producing the dielectric anomaly of YCrO 3 compound.
II. EXPERIMENTAL
Polycrystalline samples of YCrO 3 were prepared from stoichiometric mixtures of raw Y 2 O 3 (ALFA AESAR, 99.9%) and Cr 2 O 3 (ALFA AESAR, 99.6%) compounds by traditional solid-state reaction method [33] . After milling and mixing by a Vibratory Micro Mill (FRITSCH PULVERISETTE 0), the mixture was heated at 1000 • C for 24 h with an increasing and decreasing temperature speed of 200 • C/h in air to perform the process of pre-reaction. A similar heating procedure was carried out at 1100 • C. After that, the resultant green mix-ture was isostatically pressed into a ∼ 12 cm cylindrical rod with a pressure of 70 MPa. The rod was then sintered once at 1300 • C for 36 h in air. With above firing steps and milling and mixing with a ball of 50 mm in diameter after each heating process, we finally obtained a dense and homogenous pure polycrystalline YCrO 3 phase. High-quality single crystals of YCrO 3 were grown by the floating-zone (FZ) technique [33, 34] with a laser diode FZ furnace (Model: LD-FZ-5-200W-VPO-PC-UM) [35] .
The DC magnetization was measured with a temperature increasing speed of 1 K/min at 0.3 T in the temperature range from 300 to 980 K on a Quantum Design Physical Property Measurement System (PPMS Dyna-Cool instrument). The M curves at 300, 500, 700, and 900 K versus applied magnetic field (µ 0 H) up to 14 T were also recorded.
We got the powder sample for structural study by carefully pulverizing one as-grown YCrO 3 single crystal. High-resolution time-of-flight neutron powder-diffraction studies were carried out at the POWGEN diffractometer (SNS, USA) from 321 to 1200 K to explore the detailed temperature-dependent structural information. A large Q (= 2π/d) band was measured from 0.759 to 3.695Å −1 . Neutrons are very sensitive to oxygen atoms in comparsion to x rays, and time-of-flight neutrons naturally overcome the λ/2 problem. Therefore, the band at high Q regime is able to monitor all possible structural modifications. We use the FULLPROF SUITE [36] to refine all collected time-of-flight neutron powder-diffraction data. The scale factor, lattice constants, zero epithermal shift, and background contribution determined using a linear interpolation between automatically selected 30 points, peak profile shape, atomic positions, isotropic thermal parameters, and preferred orientation were all refined in the final analysis step.
III. RESULTS AND DISCUSSION

A. Magnetization versus temperature
To explore possible magnetoelectric coupling effect [37, 38] in a single-crystal YCrO 3 compound, we performed a magnetization measurement at DC field of 0.3 T from 300 to 980 K. That broad temperature regime is far above the weak ferromagnetic (FM) transition temperature, ∼ 140 K, so we could ignore magnetic anisotropy, and covers the temperature point of ∼ 473 K, at which the dielectric anomaly was reported [29] . As shown in Fig. 1(a) , we transferred the measured magnetization into magnetic moment µ B per Cr 3+ ion. With an increase of temperature, the magnetization decreases smoothly in the whole temperature range. The data collected in pure PM state can be fit to
where m is a constant, and θ CW is the PM CW temperature. The diamagnetism of Cr 3+ ions is a temperatureindependent constant, ∼ -1.1 × 10 −5 emu/mol [39] , I. Theoretical quantum numbers for YCrO3 compound: spin S and the Landé factor gJ . We summarize the theoretical (theo) and measured (meas) ( Fig. 1 ) values of effective (eff) chromium moment, µeff, and PM Curie temperature, θCW. R 2 represents the goodness of fit. TN = 141.5(1) K was extracted from our low-temperature (5-300 K) magnetization measurement. We also calculated the magnetic frustration factor f. The η factor is from Eq. (3). See detailed analyses in the text. The numbers in parenthesis are the estimated standard deviations of the last significant digit.
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which is quite tiny so it can be neglected reasonably. Actually, the measured Cr 3+ magnetization at 980 K and 0.3 T is equal to 4.33(1) emu/mol in this study, by far larger than its diamagnetism. We tried to fit the measured data, shown as the solid line in Fig. 1(a) . This results in θ CW = −264.0(1) K [ Fig. 1(b) ], and the goodness of fit χ 2 = 68.629. As shown in Fig. 1 , it is obvious that the fit is not comparable to the collected data, indicating that the CW temperature should have multiple components as a change in temperature. To confirm this, we included a constant, M Cr , into the Eq. (1) to express the temperature-independent ordered magnetism of Cr 3+ ions [40, 41] , though the YCrO 3 compound stays in a pure PM state from 300 to 980 K. With the modified equation, we fit our temperature-dependent magnetization data and the resultant M Cr = -2.329(2) emu/mol, much smaller than the Cr 3+ diamagnetism, which is physical nonsense. The linear increase of the inverse magnetic susceptibility χ −1 = µ0H M with temperature in the pure PM state obeys well the molar susceptibility by CW law [34, 42, 43] ,
where k B = 1.38062 × 10 −23 J/K is the Boltzmann constant, N A = 6.022 × 10 23 mol −1 is the Avogadro's number, and µ eff = gµ B J(J + 1) is the effective PM moment. Here J = S for the YCrO 3 compound. As shown in Fig. 2 (a), we first fit the data in the temperature [36] with crystal structure (Pmnb) as shown in Fig. 5 at 321, 750, and 1200 K. The Wyckoff site of each ion and the relevant reliability factors were also listed. The numbers in parenthesis are the estimated standard deviations of the last significant digit. regimes of 300-400 K and 750-980 K (solid lines) and extrapolated them to the whole temperature range (dashdotted lines). The two lines intersect at T ∼ 620 K and are not able to cover all features of the data. In addition, there exists no anomaly in crystallographic information at 620 K as discussed below. Therefore, it is evident that χ −1 versus T obeys a piecewise linear function as shown in Fig. 2 ters with short-range spin interactions, i.e., magnetic polarons [34, [44] [45] [46] . In the temperature range 540-640 K, µ eff meas = 3.86(1) µ B is consistent with µ eff theo . At elevated temperature regimes of 640-750 and 750-980 K, µ eff meas becomes smaller than µ eff theo . Based on these observations, it is deduced that the above hypothesis on the formation of magnetic polarons is more reasonable. The increase of temperature easily destroys magnetic interactions, i.e., the forming ground of magnetic polarons.
It is interesting that in the whole studied temperature range, all deduced PM CW temperatures, θ CW , are negative, indicating an AFM interaction, and largely deviated from the weak FM transition temperature T N = 141.5(1) K that was obtained from our magnetization study on the same single crystal at low temperatures of 5-300 K. The coappearance of AFM and FM phenomena may indicate a canted AFM state with strong magnetic frustration that can be characterized by a frustration parameter f = |θCW| TN . The larger (than 1) the value of f , the stronger the corresponding magnetic frustration is [47] . As listed in Table I , the f values are all larger than 1 except for the one in the temperature range 750-980 K, implying an existence of strong magnetic frustration and a complex low-temperature magnetic structure.
The values of f for the RMnO 3 compounds were reported to be 10.1 (YMnO 3 ), 10.3 (LuMnO 3 ), and 7.8 (ScMnO 3 ) [22] . Within these compounds, the Mn ions form a triangular lattice in the hexagonal structure, therefore, there exists a geometrical spin frustration. It is pointed out that the crystallographic structure of YCrO 3 compound doesn't accommodate any geometric frustration [43, [48] [49] [50] [51] . The magnetic frustration in YCrO 3 compound originates from the observation of AFM and FM behaviors, which necessitates a determination of the detailed low-temperature magnetic structure.
B. Magnetization versus applied magnetic field
In this paper, we focus on the measurement of hightemperature (≥ 300 K) magnetic properties. As shown in Fig. 3 , we monitored the magnetization as a function of applied-magnetic-field up to 14 T at 300, 500, 700, and 900 K with a small piece of randomly orientated single crystal (∼ 14.91 mg). While increasing applied-magneticfield, the magnetization increases linearly at all temperatures. The measured magnetic moment at 300 K and 14 T is 0.079(1) µ B /Cr, mere ∼ 2.63% of the theoretical saturated (sat) Cr 3+ moment µ sat theo = g J Sµ B = 3 µ B (Table I) .
For theoretically isolated atoms, the change of magnetization with applied-magnetic-field at high temperatures obeys a Brillouin function given by [52] 
where M sat theo = g J Jµ B = 3 µ B is the theoretical value of the saturated mole moment, J = 3 2 is the total angular momentum, and x = g J JµBµ0H k B T . Equations (3) were used to fit the collected data as shown in Fig. 3 (dashed lines) . The corresponding η values at respective temperatures are listed in Table I . When η = 1, i.e., the theoretical case, there exists no magnetic exchange. With a decrease of temperature, spin interactions and the resultant magnetic order become possible. Since rotating and aligning spin moments of an antiferromagnet necessitate a very strong applied magnetic field, depending on detailed exchange parameters [53] [54] [55] , measured magnetization will deviate from the value of the saturation moment, leading to the η value getting smaller than 1 and becoming smaller and smaller with an increase of AFM domains. As temperature decreases, the η values decrease, in agreement with the increase of f factors (Table I) . 4) and (5)] with Debye temperature θD = 580 K, and extrapolated to the entire temperature range of 321-1200 K (dashed lines). Error bars are standard deviations obtained from our FULLPROF [36] refinements in the Pmnb symmetry.
C. Time-of-flight neutron powder diffraction
To explore possible structural phase transitions of YCrO 3 compounds above room temperature, we carried out a time-of-flight neutron powder-diffraction study from 321 to 1200 K. Three representative neutron powder-diffraction patterns are shown in Fig. 4 . We carefully checked the Bragg peak shape, especially for the peaks located in the low-d regime. All collected Bragg peaks were well indexed with the space group Pmnb (orthorhombic structure). No additional peak and possible peak splitting were observed. We therefore conclude that within the present experimental accuracy, there exists no structural phase transition for the YCrO 3 compound from 321 to 1200 K. The refined crystal structure in one unit cell was depicted in Fig. 5 . The refined structural parameters at 321, 750, and 1200 K, including lattice constants, unit-cell volume, atomic positions, and thermal parameters are all listed in Figure 6 shows our refined lattice constants, a, b, and c, at all temperatures from 321 to 1200 K. The corresponding change in unit-cell volume (V ) was depicted in Fig. 7 . For the insulating YCrO 3 compound, the contribution of lattice vibrations to the thermal expansion of the lattice configuration (ε) is much larger than that of electrons. Therefore, the temperature-dependent nonmagnetic contribution component of the thermal expansion is mainly from phonons. This can approximately be calculated based on the Grüneisen function at zero pressure with the first-order fashion [46, 56, 57] ,
D. Anisotropic thermal expansion
where ε 0 is the lattice configuration at 0 K, K 0 is a constant that reflects the incompressibility of the compound, and the internal energy U can be estimated based on the Debye approximations, 
Bond length (Å) where N = 5 is the number of atoms per formula unit, and Θ D = 580 K is the Debye temperature that can be determined by the upturn point of the ε − T curve [46] . With the above Eqs. (4) and (5), we fit the lattice configurations (a, b, c, and V ) of YCrO 3 compound in two temperature ranges of 321-900 K and 900-1200 K (solid lines) and extrapolated the fits to the whole temperature regime (dashed lines) as shown in Figs. 6 and 7 . The fit results are shown in Table III . Within each temperature regime, as a whole, the temperature-dependent lattice configurations agree well with the theoretical estimations. However, at the boundary of the two temperature regimes, i.e., around 900 K, there exists an anomaly. For lattice constants a, b, and c, the incompressibility K 0 in the temperature range 900-1200 K is larger than that in T = 321-900 K, which may be attributed to more developed phonon modes above 900 K. In both temperature regimes,
indicates an anisotropic thermal expansion along the three crystallographic directions. This jointly results in the unit-cell volume expansion as shown in Fig. 7 .
(K a 0(900−1200K) -K a 0(321−900K) )/(K a 0(321−900K) ) = 22.71%, 27.80%, which implies that the temperature-dependent relative increase of K 0 is the largest one along the crystallographic c axis. For the YMnO 3 compound, a clear structural phase transition with a change in space group from centrosymmetric P 6 3 /mmc to P 6 3 cm occurs at 1258(14) K [15, 58, 59] . This structural phase transition temperature is much higher than its improper ferroelectricity transition temperature around 914 K and its AFM transition temperature around 76 K [22] . Clear anomalies were observed in the lattice constants a and c and unit-cell volume V as well as the distance between Y1 and Y2 ions, the displacements of O3 and O4 ions, the tilting angle of apical O1-Mn-O2, and the lengths of Y1-O bonds, accompanying the structural phase transition [15] . Moreover, an isosymmetric phase transition was found at ∼ 900 K, accompanied by a sharp decrease in polarization and anomalies in physical properties, which was attributed to a Y-O hybridization [15] . In our study, for the YCrO 3 compound, structural anomalies were observed in lattice configurations (a, b, c, and V ) as well as Cr-O and Y-O bond lengths around 900 K (as shown below). However, no clear change in the space group was distinguished.
The preservation of the P mnb space group of YCrO 3 compound may suggest that an isosymmetric structural phase transition happens around 900 K [15, 60] .
E. Bond lengths of Cr-O and Y-O
To analyze detailed local crystalline environments of Cr and Y ions in the YCrO 3 compound, we extracted and plotted the lengths of Cr-O21, Cr-O22, and Cr-O1 [ Fig. 8 ] and Y-O21, Y-O22, Y-O11, and Y-O12 [ Fig. 9 ] bonds. The averaged Cr-O bond length, i.e., <Cr-O>, was calculated and plotted in addition [ Fig. 8 ]. We tentatively refined the bond lengths with a piecewise linear function in the entire temperature regime with two ranges of 321-900 K and 900-1200 K. As shown in Figs. 8  and 9 , the fit results (shown as solid lines) clearly display an anomaly around 900 K, consistent with our observation in the lattice configurations of a, b, c, and V [Figs. 6 and 7] . From the temperature range of 321-900 K to 900-1200 K, the slope of the bond length versus T curve obviously increases for the Cr-O21, Cr-O1, Y-O21, Y-O22, and Y-O12 bonds, e.g., for the Y-O22 bond, it increases from 4.42×10 −5 to 7.23×10 −5Å /K, by ∼ 63.57%, whereas the slope sharply decreases for the Cr-O22 and Y-O11 bonds, e.g., for the Cr-O22 bond, it decreases by ∼ 62.59%.
By comparing all Cr-O and Y-O bonds, we find that only the length of Cr-O21 bond increases in an inconspicuous way from 321 to 900 K, implying a small contribution to the thermal expansion of the lattice configuration. From 900 to 1200 K, the upturn of the lattice configuration (a, b, c, and V ) was attributed to an increase of the lengths of Cr-O21, Cr-O1, Y-O21, Y-O22, and Y-O12 bonds. It is reasonable to deduce that the anisotropic thermal expansion in lattice constants a, b, and c is from different increases in lengths along the different directions of Cr-O and Y-O bonds.
F. Local distortion modes of Y, Cr, and O ions
Identifying a detailed local crystalline environment is essential in determining electronic structure, spin configuration, orbital degeneracy and crystal field effect of 3d -, 4d -, 5d -, or 4f -compounds [33] . A quantitative measurement of the magnitude of a local crystalline environment can be evaluated by the local distortion parameter ∆ defined as [33, 34, 61, 62] 
where n is the coordination number, d n is the bond length along one of the n coordination directions, and d is the averaged bond length. With Eq. temperature for the Y, Cr, O1, and O2 ions as shown in Fig. 10 . For the 3d Cr 3+ ions in single-crystal YCrO 3 compound, it is interesting that the local distortion parameter ∆ keeps almost a constant in the whole temperature range, displaying no response to the previously reported dielectric anomaly [29] . The averaged ∆ value of Cr 3+ ions from 321 to 1200 K is of ∼ 3.3 × 10 −5 that is approximately two orders of magnitude lower than that of 3d Kramers Mn 3+ ions in the Jahn-Teller (JT) distorted regime of single-crystal La Figs. 11-13 , respectively. Figure 11 shows the local pentahedron environment of Y ions. It is worth mentioning that there are six Y-O bonds at the neighbor of the Y atom, i.e., with a coordination number 6, two Y-O1 and four Y-O2 bonds.
Among them, 2×Y-O22 bonds are stretched, and Y-O11, Y-O12, and 2×Y-O21 bonds are shortened (Table II) . This results in both the O11-O21-O22-O12 planes being bent outward, shifting the charge weight center of Y ions upward, whilst holding the 2×O21 and the 2×O22 ions within one O21-O22-O22-O21 plane. The extracted pentahedron distortion mode of Y ion was schematically displayed by the arrows sitting on the six Y-O bonds.
The Cr ion in YCrO 3 compound has three electrons in the unfilled 3d shell, therefore, Cr 3+ is a non-Kramers ion, in principle, without JT effect. That is why Cr 3+ ions have a very small local distortion parameter ∆ [ Fig. 10 ]. From our refined Cr-O bond lengths as listed in Table II , we deduced the octahedral distortion mode of Cr 3+ ions (coordination number: 6) in YCrO 3 compound, as shown in Fig. 12(a) . This distortion mode, as schematically displayed by the arrows sitting on oxygen ions, results from stretched Cr-O21 and Cr-O22 and shortened Cr-O1 bonds, behaving like a cooperative JT distortion. The local crystalline environment of Cr 3+ ions in YCrO 3 compound coincides with the t 2g orbital shapes (d xy , d zx , d yz ). As shown in Fig. 12(b) , the 3d yz orbital shape in real space was accommodated into the CrO 6 octahedron. Because the two Cr-O1/O21/O22 bonds locate along the plane/body diagonal direction and have the same length, the sum effect of electric-lattice interactions is canceled out. Therefore, within the present crystal symmetry, no displacement happens to the Cr ions. Figure 13 illustrates the local distortion environments of O1 [ Fig. 13(a) ] and O2 [ Fig. 13(b Fig. 13(a) ], the 2×Cr-O bonds are shortened, whereas the two Y-O bonds are stretched. This pushes the O1 ions towards to the Cr ions. So do the O2 ions [ Fig. 13(b) ]. Within the two oxygen tetrahedrons, the longest Y-O bond is Y-O2 = 2.487(4)Å (at 321 K) as displayed in Fig. 13(b) . This drives the O2 ions very close to the bottom Y-Cr-Cr plane, a large negative charge displacement. Compared to the O1 ions, the local crystalline environment of O2 ions is much more distorted in agreement with our calculations as shown in Fig. 10 where the local distortion parameter ∆ of O2 ions is approximately two times larger than that of O1 ions.
The distortion parameter ∆, to some extent, is a criterion for what magnitude a certain atom displaces with its surrounding ligands [33] . For example, Kramers ions usually show a JT distortion whose magnitude can be expressed by the size of the distortion parameter ∆. The JT effect occurring in 3d transition metal oxides can lead to the degeneracy of d orbitals accompanied by lowering the structural symmetry to release the electronic occupied energy. That can result in charge/orbital ordering and magnetic transition and may shed light on the colossal magnetoresistance effect [33, 63] . For 3d 3 Cr 3+ ions in YCrO 3 compounds, no JT effect is expected, and thus the distortion parameter ∆ of Cr 3+ ions is quite small, which is hard to break the centrosymmetry of the center Cr 3+ ions, therefore, no ferroelectricity is expected from the Cr-sites. However, as shown in Figs. 11 and 13(b [36] . For a clear comparsion, we also calculated the average BVSs of O1 and O2 ions, i.e., (O1 + O2)/2. Error bars are combined standard deviations.
G. Bond valence states of Y, Cr, and O ions
It is well known that bond valences are strongly correlated to bond distances, and some empirical relationships were previously proposed [36, [64] [65] [66] . With our refinements, we extracted the bond valence states (BVSs) of Y, Cr, and O ions as shown in Fig. 14. As temperature increases, the BVSs of Y, Cr, and O ions almost decrease linearly. The calculated BVS values for the Cr and O1 ions are 2.956(7)+ and 2.079(11)-at 321 K, close to the ideal 3+ and 2-, respectively. However, for the Y and O2 ions, the calculated BVS values, BVS(Y) = 2.636(15)+ and BVS(O2) = 1.757(8)-, differ largely from the respective perfect values of 3+ and 2-in pure ionic model. Therefore, there exit positive and negative charge displacements from Y and O2 ions that coincide with their strongly distorted local crystalline environments. In the P mnb symmetry, there are two non-equivalent crystallographic sites for the O1 and O2 ions. As shown in Fig. 14, the is approximate 0.317(15)e − with ∼ 21 standard deviations, indicative of a big degree of the charge disproportion. It is of interest to notice that our extracted charge difference between O1 and O2 ions is even much bigger than the charge difference between Mn 3+ and Mn 4+ ions in the charge/orbital ordered states of manganites [34, 67] where for the La Finally, the temperature-dependent isotropic thermal parameters B of Y, Cr, and O1/O2 (constrained to be the same) ions of YCrO 3 compound were present in Fig. 15 where almost no change exists from 321 to 1200 K within the experimental accuracy.
As is well known, the contribution of magnetism in YCrO 3 compound comes from the Cr 3+ (3d 3 ) ions supposing that the YCrO 3 compound forms pure ionic bonds and thus there is no magnetic contribution from oxygen sites [33, 34] . As in the foregoing discussion, the dielectric anomaly [29] of YCrO 3 compound may be ascribed to the obvious atomic displacement and charge subduction of Y and O2 ions. The Y 3+ ion is nonmagnetic because the ground-state electronic configuration of neutral Y is [Kr]4d 1 5s 2 . Therefore, the structural parameters extracted from our time-of-flight neutron powderdiffraction study don't display a response to the previously observed dielectric anomaly. On the other hand, that doesn't mean that there is no magnetoelectric coupling existing in YCrO 3 compound. To unravel this coupling necessitates measurements with extremely high applied magnetic fields. By comparison, the YMnO 3 compound belongs to a hexagonal symmetry with the structural building block of MnO 5 , and its ferroelectric polarization is due to opposing unequal dipoles of the two Y sites as well as the tilting and distortion of the MnO 5 blocks [14, 15, 23] . The Gd 3+ (4f 7 ) ions in GdCrO 3 compounds has a very strong magnetic contribution. It is expected that the Gd-Cr coupling in GdCrO 3 compounds is much stronger than the Y-Cr coupling in YCrO 3 compound. As foregoing remarks, the previously reported dielectric anomaly of YCrO 3 compound may be due to large atomic displacement and charge subduction of Y and O2 ions, whereas, only Cr ions contribute to its magnetism. That may be the reason why the structural parameters don't show any anomaly around 473 K.
It is stressed that the space group P mnb belongs to a centrosymmetric structure in which the sum of negative and positive charge shifts has to be zero. Our interesting observations, e.g., the extremely large local distortion parameter ∆ of Y, O1, and O2 ions, the obvious displacement of Y and O2 ions and the charge subduction of Y and O2 ions, indicate that the actual structural symmetry of YCrO 3 compounds may be much lower than P mnb. As a foregoing discussion, even though Kramers ions like Mn 3+ theoretically and experimentally exhibit a larger local distortion, e.g., a JT/cooperative JT effect, than non-Kramers ions like Cr 3+ , their detailed distortion modes can be the same, as demonstrated in this study. Additionally this distortion mode can even be applicable to the 4f ions [51] .
IV. CONCLUSIONS
To summarize, we have quantitatively investigated the high-temperature (300-980 K) magnetism and structural information (321-1200 K) of a single-crystalline YCrO 3 compound. The high-temperature magnetization can only be fit by the CW law with multiple effective PM moments and multiple PM CW temperatures with strong magnetic frustration, implying a complicated lowtemperature magnetic structure. The magnetization versus applied-magnetic-field curve obeys well our modified Brillouin function with an inclusion of a factor η denoting the strength of magnetic interactions. We refined the crystal structure with P mnb symmetry in the entire studied temperature range within the present experimental accuracy. Detailed structural information including lat-tice constants, unit-cell volume, atomic positions, thermal parameters, bond lengths, local distortion parameter, bond angles, local distortion modes, and BVSs, were extracted. The thermal expansions along the a, b, and c axes are anisotropic with an anomaly appearing around 900 K. We attribute this anomaly to an isosymmetric structural phase transition. The local distortion parameter ∆ of Cr ions is about two orders of magnitude lower than that of Y and O ions. We find that both Y and O2 ions produce a clear atomic displacement and a large charge deviation from theoretical ones. We thus suggest that the Y and O2 ions may play an important role in forming the previously reported dielectric anomaly of the YCrO 3 compound. The present results make YCrO 3 a particularly significant compound for theoretical and further experimental studies on t 2g physics. The magnetic structure and dielectric property would be further explored in combination with theoretical calculations.
